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ABSTRACT: In its orginal configuration, the pulsed ultasonic polarscan (P-UPS) mainly focussed on elastic
material characterization through the inversion of amplitude landscape measurements. However, for several
materials, special attention is required as minima in the transmission amplitudes do not exactly coincide with
critical angles calculated from the Christoffel equations. Consequently, other means to extract the information
on elastic moduli from P-UPS measurements are being investigated. In the present paper, we report on the
use of time-of-flight ultrasonic polarscan (TOF-UPS) simulations as a new means of material characterization.
Previous TOF inversions, although successful, were based on bulk wave approximations, which are not longer
valid for thin materials. Our first inversion results on numerical cases demonstrate the usefulness of the new
developed technique and highlight the added value compared to the bulk wave approximation
1 INTRODUCTION
From as early as 1980s, the ultrasonic polarscan
(UPS) was considered to be a promising tool in the
field of non-destructive testing. However, due to many
technological subtleties the technique never reached
its full potential. In recent years, most of the exist-
ing the pitfalls [1] were resolved and consequently the
first applications of the UPS were investigated (e.g.
study of fibre misalignment, layering, delaminations,
fibre breakage, disbonding, corrosion, strain measure-
ments, etc.). Initially, the amplitude landscape of the
pulsed ultrasonic polarscan (P-UPS) was considered
as a means of elastic material characterization. Even
though the developed inversion scheme resulted in ac-
curate material properties [2], special care had to be
taken in some cases as the angular positions of the
critical angles do not necessarily match the minima
in transmission. Moreover, the amplitude landscape is
highly dependent on the damping of the material and
as such, amplitude UPS measurements are more suit-
able for the determination of the viscous part of the
material’s visco-elasticity.
As an alternative, the time-of-flight (TOF) of the P-
UPS can be considered for elastic material character-
ization. The use of TOF measurements has been suc-
cesfully applied for the determination of elastic prop-
erties assuming rather thick samples (ranging from 3
to 6 mm at frequencies of 2-5 MHz) in combination
with a bulk wave approximation[3][4]. In many cases,
however, the actual thickness of plates is smaller and,
as such, deviations from the bulk wave approxima-
tion are to be expected, as shown in figure 1 where
a clear deviation from the bulk wave TOF solution is
seen around the longitudinal and shear critical angles
for an aluminum plate of 1.5 mm, examined at a fre-
quency of 5 MHz.
In this paper we will illustrate the use of the full
time-of-flight ultrasonic polarscan (TOF-UPS) sim-
ulation to invert the elastic properties of isotropic
plate like media. The method automatically accounts
for the deviations from the bulk wave approximation
and is thus applicable for any thickness. Extension to
anisotropic media is straightforward, but requires the
simultaneous inversion of several polar orientations at
once.
0 10 20 30 40 50
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5 x 10
−7
incident angle θi [deg]
tim
e−
of
−f
lig
ht
 [s
]
 
 
numeric simulation
experiment
bulk shear wave TOF
bulk longitudinal wave TOF
Figure 1: Comparison of the experimentally obtained
TOF with the numerically simulated TOF as function
of the incidence angle for an aluminum plate of 1.5
mm examined at a frequency of 5 MHz. The bulk
wave solutions are represented by the dashed lines.
2 THEORETICAL BACKGROUND
2.1 TOF determination for plates
Let us suppose the general case of an impinging ultra-
sonic wave on an anisotropic plate with polar angles
(φ, θ). Following the theory that leads to the Christof-
fel equations, the combination of the anisotropic wave
equation with Snells law and the subsequent introduc-
tion of the formal solution of an ultrasonic wave, leads
to an expression, represented in eq.(1) where the ver-
tical component of the wave number, kz, is the only
unknown,
k6z +A1k
5
z +A2k
4
z +A3k
3
z +A4k
2
z +A5kz +A6 = 0
(1)
where theA coefficients are functions of the plate ma-
terial properties and the known wave number compo-
nents kx and ky of the impinging wave.
In general, this equation has six solutions. However,
in most cases, the material under study will exhibit
some kind of symmetry, which simplifies the equa-
tion. For example, when laminated composites are
studied, an orthotropic symmetry can be assumed as
the lowest possible type. This leads to a reduction of
equation (1) into a third order polynomial in the vari-
able k2z , resulting in three independent solutions.
Going back to the most general case, the solution
for the ultrasonic displacement vector (~U ) of the prob-
lem should be represented by a summation over the
six solutions of the sixth-order polynomial.
~U(~r, t) =
6∑
n=1
~une
i(kxx+kyy+knz z−ωt) (2)
With ~un the polarization vector corresponding to each
solution knz [5].
Applying appropriate boundary conditions expressed
by continuity of normal stress (τxz, τyz, σzz) and dis-
placement (Uz) between the general solution inside
the solid(2) and in the surrounding fluid, leads to the
transmission and reflection coefficient [5]. Finally, the
frequency dependent transmission coefficient is mul-
tiplied by the spectrum, I(ω), of the incident pulse
and an inverse FFT is used to obtain the transmitted
pulse signal.
In order to determine the time for the wave to ar-
rive at the receiver on the transmitting side, one can
calculate the argument of the maximum correlation
between transmitted and incident signal. However, to
simplify the calculations, we have found and verified
[6] that it is equally adequate to define the TOF as the
difference in time of the maximum transmitted and
incident peak (eq. (3)).
TOFplate(θ,φ) = max
t
T (θ,φ, t) (3)
T (θ,φ, t) =
∞∫
−∞
dωT (θ,φ,ω)I(ω)e−iωt (4)
2.2 TOF-UPS correction
The TOF simulations, as presented in 2.1, are not suf-
ficient to model a TOF-UPS in the correct manner.
In a real UPS experiment the transducers move on a
sphere with centerpoint on the top surface of the sam-
ple (fig.2a) and, as such, a correction for the plate-
receiver path must be introduced. Given that the trans-
mitted wave in the numerical model is derived with
reference to (x = 0; z = −d
2
), the correction term can
be calculated as follows (see also fig 2b):
tcor(θi) =
Df
Vf
=
d
Vf
(1− cos(θi)) (5)
TOFUPS(θi, φ) = TOFplate(θi, φ) + tcor(θi) (6)
Here, d is the sample thickness, and Vf is the sound
velocity in the immersion fluid.
As an example, a numerically simulated TOF-UPS
experiment is illustrated in fig.3a for an orthotropic
(a) schematic of the UPS technique
(b) Cross-section of the UPS principle
Figure 2: Top: General scheme of the UPS technique
with source and receivers moving on a sphere with
radius R; Bottom: Cross-section of the UPS principle
in transmission.
material with elastic properties given in table 1. Fig-
ure 3b displays the corresponding amplitude UPS re-
sults. The TOF results are characterized by sharp dis-
continuities in the polar plot. Interestingly, these dis-
continuities correspond to minima in the amplitude
landscape (fig.3b) and indicate angle combinations
where the dominant wave inside the layer switches
polarization state. The first discontinuity for instance
where the shear wave becomes more dominant than
the longitudinal wave.
3 INVERSION SCHEME
The main objective of the current report is to upgrade
the commonly utilized inversion scheme based on
Table 1: Material constants for the hypothetical or-
thotropic plate
parameter value [GPa]
C11 122.73
C22 = C33 13.46
C12 = C13 6.57
C23 6.55
C44 3.39
C55 5.86
C66 6.25
(a) TOF [µs]
(b) Amplitude [a.u.]
Figure 3: Numeric P-UPS simulation TOF(a) and am-
plitude(b) of an orthotropic plate (d = 1.5mm) at a
center frequency of 5MHz.
bulk wave approximation. Material characterization
based on bulk waves has already proven its useful-
ness [4][3], however, due to the ever decreasing com-
posite thickness, the approximation loses its univer-
sality. This loss of validity for thin samples, as illus-
trated in figure 1 by the large deviations between the
actual TOF and the predictions by bulk-wave approx-
imation, primarily occurs at and around the critical
angles. The time-of-flight calculation, as presented in
this paper, has the advantage of taking these devia-
tions into account.
The presently introduced inversion scheme per-
forms a best fit between the experimental data and the
numerical model, based on the full TOF-UPS calcu-
lation, and uses the following cost function:
F (Cij) =
∑
θi,φ
(TOFexp(θi, φ)− TOFUPS(θi, φ))2 (7)
Minimization of this cost function was performed by
way of a genetic algorithm (GA). The GA scheme has
the advantage of inverting black-box problems with
large parameter space, in general. In particular, GA
Figure 4: Schematic of the presented inversion tech-
nique.
inversion algorithms have already proven their useful-
ness in inverting amplitude based P-UPS data [2]. In
short, a GA uses the principles of evolution to create
a parameter set that best minimizes the cost function.
This optimization is performed over several genera-
tions. Each generation consists of a specific amount
of members, and each of the members gets a fitness
value based on the cost function (7). Only the mem-
bers with the best fitness value are chosen to create the
members of the next generation. Some pass directly
to the new generations (elite) whilst others undergo
mutation and crossover. This results in a new genera-
tion with most parameter sets iteratively converging to
values in the neighbourhood of the best set. However,
the presence of mutation can lead to the discovery of
an area of better sets which are not in the vicinity of
the current best parameter set. The algorithm stops
when a pre-set convergence criterium is fulfilled. A
schematic summary of the inversion technique is pre-
sented in fig 4.
4 RESULTS FOR A NUMERICAL TEST-CASE
ON ALUMINUM AND DISCUSSION
In this section the above presented inversion algo-
rithm is applied to a numerical test case on aluminum.
As input for the algorithm, the targeted TOF data
have been determined using the forward transmission
model (virtual experiment) for an isotropic medium
with λ + 2µ = 107.74 GPa and µ = 26 GPa. Sev-
eral inversions were conducted using different range
boundaries on the elasticity parameters. To prove the
enhanced accuracy of the new algorithm, the analy-
sis is repeated, for several parameter bounds, with a
bulk-wave based inversion scheme. The resulting val-
ues of the material’s moduli after inversion are pre-
sented in tables 2 and 3, for the various range bound-
aries. The reported values correspond to the mean and
standard deviation for twenty independent inversions
considered at each range boundary. For the TOF based
algorithm, only small deviations (≈ 1 − 2%) from
the actual values are obtained. The bulk-wave based
method, on the other hand, has small deviations for
one of the two parameters whereas large deviations
(6− 7%) are consistently observed for the other one
(shear modulus).
The origin of the error on µ, introduced by the bulk-
wave method, is obviously attributed to sizeable devi-
ations which are only apparent after the first discon-
tinuity (see also fig.1). TOF measurements before the
discontinuity are governed by the arrival of the longi-
tudinal wave and as such the parameter λ+2µ should
return a good inversion. As the transmitted signal af-
ter the discontinuity is entirely dominated by the shear
wave, it is reasonable to expect that the shear modu-
lus parameter µ leads to rather poor inversion results
in the bulk-wave approximation.
Table 2: Inversion results for a numerical simulation
on an aluminum plate of thickness 1.5mm. The in-
versions are performed using the TOF approach with
different range boundaries. Mean value and standard
deviation for twenty independent inversions are con-
sidered at each range boundary.
λ+ 2µ µ
Actual
values [GPa] 107.74 26.00
Inverted
Values
[GPa]
10% 108.40± 0.34 26.07± 0.08
25% 108.78± 1.05 26.09± 0.20
50% 108.84± 2.08 26.05± 0.56
75% 107.79± 8.30 26.27± 0.34
90% 108.13± 10.28 25.61± 1.43
Table 3: Same as table 2, however, in this case, the in-
versions are performed using the bulk-wave approxi-
mation with different range boundaries.
λ+ 2µ µ
Actual
values [GPa] 107.74 26.00
Inverted
Values
[GPa]
10% 107.67± 0.63 24.15± 0.13
25% 107.04± 1.31 24.27± 0.18
50% 107.01± 2.54 24.21± 0.28
75% 106.98± 4.02 24.18± 0.38
90% 107.94± 4.00 24.30± 0.42
5 CONCLUSION
In the above presented study, the full TOF-UPS sim-
ulation model was introduced in an inversion scheme
to extract the elastic properties of a solid plate. This
scheme, based on a genetic algorithm, can be consid-
ered as an upgrade of existing time-of-flight inversion
methods in that sense that it takes into account de-
viations from bulk wave behaviour that arise in thin
plates. Moreover, it is a good alternative for the ex-
isting amplitude UPS based inversion scheme, where
special care has to be taken not to confuse the occur-
rence of amplitude minima with the positions of crit-
ical angles.
The TOF based inversion approach was applied on
an aluminum plate and compared to the existing bulk-
wave based inversion techniques. It is found that the
the new inversion scheme is able to successfully in-
vert two material constants. In contrast, the more tra-
ditionally used bulk-wave technique is only able to
invert one of the parameters as it is not capable to
cope with deviations that occur for thin plates. Fu-
ture prospects are to apply the developed technique to
real experimental data and to extend the inversion to
other symmetry classes such as orthotropic materials
in view of characterization and damage monitoring of
composites.
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